Introduction
A variety of steel products are utilized as structural materials for e.g. automotive and architectural applications, and chemical plants, and the mechanical properties of these steels are known to be strongly affected by small amounts of light elements, such as hydrogen, carbon, and nitrogen. These elements fundamentally occupy interstitial sites in the crystal structure and are distributed in the microstructure of the steels. It is of great importance to establish methods for analyzing the distribution of these elements in the microstructure of steels, in order to understand influences of these elements on the mechanical properties, which are strongly influenced by the microstructure formed during phase transformations and plastic deformation. The distribution of light elements and alloying elements has not been fully clarified in commercial steel products or iron-based alloys, although many kinds of alloying elements in steel products influence the formation of the microstructure. 1) Among the light elements, it is known that the diffusivity of hydrogen in steels is high, while its solubility is very low. 2, 3) Hydrogen embrittlement often occurs in highstrength steels, including stainless steels, but the mechanism
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of hydrogen embrittlement is still unclear. One of the limitations in the study on hydrogen embrittlement is the difficulty of microscopic analysis of hydrogen in steels compared to other light elements, since the solubility of hydrogen in the steels at about room temperature is low. [3] [4] [5] [6] [7] Thus, it is necessary to establish analysis methods of the microscopic distribution of hydrogen experimentally, although the mechanism of hydrogen embrittlement has been mainly investigated based on atomistic models [8] [9] [10] [11] and the mechanical properties and the relevant phenomena have been investigated in detail. [12] [13] [14] [15] On the other hand, analytical methods for investigating the distribution of hydrogen in steels are limited, as the use of vacuum is generally required in such analytical apparatuses. There are several analytical methods that can analyze the distribution of light elements; secondary ion mass spectrometry (SIMS) is useful for detecting the distribution of small amounts of elements in solid materials with complex microstructures. [16] [17] [18] SIMS has high sensitivity and is hence a powerful tool for detecting hydrogen on solid surfaces; this method is used for the measurement of isotopes such as 2 H, 13 C and 18 O. Dynamic SIMS with magnetic sector or quadrupole analyzers has been developed for detecting trace elements, or obtaining depth profiles of inorganic materials. However, it is difficult to achieve both high spatial resolution and high depth resolution using this method. On the other hand, static SIMS with a time-of-flight (ToF) analyzer can overcome this problem. ToF-SIMS has been used for analyzing various materials, including organics such as polymers and biological tissue. Information about the chemical structure of the topmost atomic layers can be obtained with static SIMS, because the dose density of primary ions is much lower than the surface atomic density. 17, 18) Moreover, it is also possible to obtain a depth profile using a dual beam technique; the sputtered ions are irradiated to the target after the SIMS measurement with the primary ions, and the bombardment with two ion beams is alternated while the secondary ions emitted from the center of the sputter crater are analyzed. Low energy sputter ion beams are used in this method because the extractor energy of the ToF analyzer is applied intermittently. In recent years, cluster ions such as Au n + , Bi n + , C 60 + , and Ar n + have been adopted as the primary ion source in ToF-SIMS, as such ions enhance the secondary ion yields of macromolecules. [19] [20] [21] [22] Typically, Bi cluster ToF-SIMS equipped with a liquid metal ion gun (LMIG) has been used for image analysis because the ionized Bi n q + clusters (n = 1-7, q = 1, 2) achieve high brightness. 23, 24) Also, it was reported that Bi monomer ions were the optimum primary ion species for analyzing hydrogen and deuterium in materials. 25, 26) Concerning steels samples, dynamic SIMS has been shown to be an effective method for detecting deuterium or hydrogen in different steels. [27] [28] [29] [30] [31] [32] These results showed that deuterium or hydrogen is enriched in specific microstructures, although this enrichment depends on the species of steel. The dynamic SIMS has also been applied to observe the distribution of light elements such as boron and nitrogen in steels. 33) On the other hand, ToF-SIMS has been used for analyzing the characteristic distribution of deuterium or hydrogen in an Fe-Ni alloy and duplex stainless steel. 34, 35) However, it has been recognized that there are a number of measurement parameters, such as the species of primary ions in ToF-SIMS. By optimizing the analysis conditions, it is expected that this method can be extensively applied to characterize the distribution of light elements in complex microstructures of multi-component materials.
In this study, two Fe-Cr based alloys were selected to analyze the distribution of light elements (in particular deuterium, carbon and nitrogen) in the microstructures. One of the Fe-Cr based alloys is a highly pure Fe-10%Cr alloy, which was very carefully prepared from high-purity base metals.
36) The investigation of grain boundary segregation of the light elements was a focus of the experiments, since it is known that a small amount of residual nitrogen is segregated to surfaces and grain boundaries. 37) Another Fe-Cr based alloy studied here is a commercial duplex stainless steel consisting of ferrite and austenite, where the interface between these phases is quite a complicated microstructure.
38) The characteristic microstructure of the duplex stainless steel imparts the high toughness and high corrosion resistance, which may be influenced by the distribution of light elements.
Experimental Procedures

Sample Preparation
The Fe-Cr based alloys analyzed in this study were a pure Fe-10%Cr alloy (10.0Cr-0.001N-0.005C; in mass%) and a duplex stainless steel (22.4Cr-5.3Ni -3.2Mo-0.35-Si-1.0Mn-0.16N-0.013C; in mass%). The ferritic Fe-10%Cr alloy was carefully prepared from high-purity Fe and Cr using hydrogen arc plasma processing. 36) On the other hand, the duplex stainless steel was the commercially available NAS 329J3L consisting of ferritic and austenitic phases, produced by Nippon Yakin Kogyo Co. Ltd. 38) To prepare samples for ToF-SIMS and EPMA, sheets of these Fe-Cr based alloy samples were mechanically and electrochemically polished. The ToF-SIMS and EPMA measurements were conducted for the samples charging with heavy water ( 2 H 2 O). The present samples were electrochemically charged with deuterium ( 2 H) in a 2 H 2 O solution containing 0.1 N H 2 SO 4 at a constant current density of 0.1 × 10 4 A/m 2 for 24 h. Deuterium in the samples doped with deuterium by cathodic charging was distinguished from hydrogen remaining in vacuum in the SIMS apparatus, which is mainly derived water molecules, 39) and detected as a background trace in the SIMS mass spectra. The abundance of the naturally occurring deuterium isotope is approximately ten-thousandth that of hydrogen. The samples were subsequently electrochemically polished to obtain a mirror surface for analysis after charging. Then the quantity and distribution of deuterium in the samples were characterized by ToF-SIMS. After the ToF-SIMS analysis, the samples were subsequently annealed at 673 K for one hour, in order to investigated the influence of annealing on the distribution of deuterium in the samples. Furthermore, EPMA was used to analyze the distributions of alloying elements in the metallographic microstructure.
ToF-SIMS and EPMA Measurements
ToF-SIMS analysis was carried out in dual-beam depth profile mode with a TOF.SIMS 5 (ION-TOF GmbH, Münster, Germany). A 25 kV pulsed primary Bi 1 + ion beam bombarded the sample surface at an angle of incidence of 45°. Using monomer ions, it was possible to analyze deuterium with high sensitivity because the quantity of Bi 1 + was the largest of all primary Bi ion species. The negatively charged secondary ions were guided to a reflectron-type time-of-flight mass spectrometer (ToF-MS) by an accelerating voltage of 2 kV and reaccelerated to 10 kV before being detected by a micro-channel plate (MCP) detector. The low energy Cs + ions were selected as a source for the sputter ion beam, since a yield of negatively charged secondary ions was effectively generated by Cs + bombardments. The measurements were performed in the interlaced mode to reduce the background resulting from residual gasses, including hydrogen and deuterium. All analyses were conducted under a vacuum pressure of < 2.0 × 10 − 7 Pa. The high-current bunched mode (m/Δm = 11 000; 5 μm beam diameter) was used to evaluate the quantity of deuterium, where high mass-resolution was achieved to temporarily compress the pulse width of the primary ions; the high current of the primary ions enables high sensitivity detection of secondary ions. The primary ion beams were scanned over a field-of-view of 200 × 200 μm 2 at a resolution of 128 × 128 pixels. The target current of primary ions was 1.25 pA and cycle time defined as the time between two plus was 80 µs. The accelerating voltage of the sput-ter ions was 2 kV and the crater size was 350 × 350 μm 2 . High spatial resolution images were collected in the nonbunched burst alignment mode (m/Δm = 500; 0.3 µm beam diameter); a high spatial resolution was desired to avoid the chromatic effect that causes beam divergence. The samples were scanned across a 70 × 70 µm 2 field-of-view, with a pixel density of 128 × 128. The target current was 0.80 pA at 35 µs cycle time. In this analysis, a 500 V sputter ion beam irradiated an area of 350 × 350 µm 2 . Because all the secondary ion mass spectra are stored for an analyzed area in the ToF-SIMS analysis, line scans of specific ions can be plotted from the spectral data. Such line scans are useful to investigate the inhomogeneous distribution of elements in a sample.
In order to compare the microscopic distribution of alloying elements with images of secondary ions by ToF-SIMS, elemental maps by EPMA were measured with a JXA-8200 system (JEOL Ltd.). The electron beam was accelerated at 15 kV and the current was 50 nA. In this analysis, the characteristic X-rays of nickel, chromium, and molybdenum emitted from the sample were imaged with wavelength dispersive X-ray analyzer (WDX).
Results and Discussion
Detection of Deuterium in Duplex Stainless Steel
and Pure Fe-10%Cr Alloy Figure 1 shows images of H⁻, 2 H⁻, Fe⁻, FeO⁻, Cl⁻, CH⁻, and OH⁻ ions from the duplex stainless steel charged with 2 H 2 O. These images were obtained by integrating the images measured in depth profiling. In this measurement, the highcurrent bunched mode was used to evaluate the quantity of deuterium. The signals of Cl⁻, CH⁻, and OH⁻ ions are originated from residual gas or surface contaminated particles. The signal intensities of secondary ions arising from surface contamination (the hydrogen-enriched area), were higher than those of all other areas. On the other hand, it is shown that the distribution of secondary ion counts of Fe⁻ from the total area were almost uniform. In order to avoid the influence of surface contamination, the secondary ion counts from the region of interest (ROI) which was excluding hydrogen-rich area was used for analysis, as shown in Fig. 1(h) .
Depth profiles of secondary ions from the ROI were obtained using the secondary ion counts from the blue area shown in Fig. 1(h) , in which the mass spectra for each pixel were recorded. The depth profiles of different ions from the ROI in the duplex stainless steel are shown in Figs. 2(a) , 2(b), and 2(c). The results show that the signal intensities of H⁻, O⁻, and OH⁻ gradually decreased as the surfaces were sputtered with Cs + ions. This indicates that the secondary ions detected from the outermost surface contained information regarding the residual gas adsorbed onto the sample surfaces. Therefore, the signal intensities over a selected range of data points in the depth profiles away from this surface layer (data point 513-1024) were used for evaluating the quantity of 2 H⁻ in the sample. ) show mass spectra from the duplex stainless steel, which were kept at room temperature for one month after charging and subsequently annealed at 673 K after the storage of one month, respectively. All mass spectra were obtained from approximately 150-300 nm depth region. Moreover, these indicated H 2 ⁻ could not be detected in ToF-SIMS depth profile measurements, because it was possible to separate the peaks of 2 H⁻ (m/z = 2.014) and H 2 ⁻ (m/z = 2.016) in the measurements of the high-current bunched mode. The signal intensity of H⁻ ions from the annealed duplex stainless steel was similar to that obtained after charging with 2 H 2 O, which is considered as a background level in the present SIMS analysis. This implies that it is very difficult to use H⁻ ions to quantify hydrogen in the samples. On the other hand, the signal intensity of 2 H⁻ ions indicated that deuterium does not remain in the Fe-10%Cr after charging. We conclude that the deuterium diffused out of the sample at room temperature, as the diffusivity of hydrogen is quite high in body-centered-cubic (bcc) Fe-based alloys. [4] [5] [6] [7] However, it is noted that deuterium was detected in the depth profiles of the duplex stainless steel charged with 2 H 2 O, while it was not detected after annealing. This indicates that deuterium diffuses out of the sample during annealing, and the diffusion of deuterium is slow in the duplex stainless steel at room temperature. In addition, it is interesting to remark that the intensity ratio of 2 H⁻ to H⁻ obtained for the annealed sample was nearly equal to the abundance ratio of the naturally occurring isotopes. This result suggested that 2 H⁻ detected in this measurement was derived from residual gas in vacuum chamber, not from charged to the sample. In ToF-SIMS analysis, H⁻ and 2 H⁻ are detected from all samples as a background. In these case, the intensity counts ratio of H⁻ and 2 H⁻ calculated from the measured values is equal to isotope ratio. Therefore, it was also indicated that charged deuterium was diffused out from the sample by annealing. Table 1 summarizes the yields of secondary ions and the values normalized by the Fe⁻ yield of H⁻, 2 H⁻, OH⁻, and Fe⁻ ions for the duplex stainless steel and the Fe-10%Cr alloy. The secondary ion yield is defined the ratio of the secondary ion counts to the total dose of the primary ions.
The normalized values of H⁻ and OH⁻ for all samples were nearly similar. The normalized values of 2 H⁻ obtained from the duplex stainless steel stored for one month after doping with 2 H 2 O were one hundred times higher than those for the annealed sample. This may be related to the diffusivity and stability of hydrogen in the ferrite and austenite phases. The diffusivity of hydrogen is generally lower in a face-centeredcubic (fcc) than a bcc Fe-based alloy. 4) Hence, hydrogen diffuses only a little in the fcc Fe-based alloy at room temperature, and hydrogen seems to be relatively stable in this structure. It is expected that hydrogen may be distributed in the microstructure under such conditions, and therefore it is interesting to observe the images of secondary ions from ToF-SIMS measurements. It is also important to analyze the distribution of light elements, such as carbon and nitrogen in the Fe-10%Cr alloy by ToF-SIMS, although the amount of hydrogen detected in the Fe-10%Cr was very small.
Imaging of Secondary Ions from Pure Fe-10%Cr
Alloy Figure 4 shows the images of negative secondary ions of 2 H⁻, C⁻, and CN⁻ from the Fe-10%Cr doped with deuterium. Since the pure Fe-10%Cr alloy is a polycrystalline ferritic alloy, there are many grain boundaries in the microstructure. The results showed that deuterium was not detected in the pure Fe-10%Cr alloy, even after intentional charging. This implies that hydrogen diffused out of the sample, as the diffusivity of hydrogen in the ferritic phase is high. It is considered that small amounts of alloying elements in the ferrite act to hold the hydrogen in the microstructure. 7) However, such a phenomenon was not observed in the present Fe-10%Cr alloy, although it has been previously reported that substitutional alloying elements in ferritic iron can reduce hydrogen diffusion. 7) Therefore, chromium in the present Fe-10%Cr alloy does not seem to effectively interact with deuterium. These results are consistent with those from the quantitative evaluation by high-current bunched mode testing.
Regarding the residual light elements in the Fe-10%Cr alloy, the intensities of the secondary ions of C⁻ and CN⁻ at grain boundaries should be discussed. Figure 5 shows the line scans of negative secondary ions of C⁻ and CN⁻ from the pure Fe-10%Cr alloy. These results indicate that carbon and nitrogen were segregated at grain boundaries, although the amounts of these light elements were very small. Although deuterium was not detected in this alloy, this suggests that ToF-SIMS is an effective method for detecting such small amounts of carbon and nitrogen. . These data were obtained from the deep region (data points 513-1024) of the depth profiles shown in Fig. 2 .
From the present results on imaging of secondary ions to detect carbon and nitrogen, it is concluded that microstructural analysis using ToF-SIMS is an effective method for investigating the distribution of light elements; the distribution of deuterium in the duplex stainless steels is shown later.
Imaging of Secondary Ions from Duplex Stainless
Steel The results of the detection of deuterium, as shown in Table 1 , suggest that the deuterium distribution in the duplex stainless steel charged with 2 H 2 O can be visualized using ToF-SIMS, although the signal intensity of deuterium from the Fe-10%Cr alloy charged with 2 H 2 O was not high enough to observe the deuterium distribution. Furthermore, mass spectra shown in Fig. 3 indicated that the information of H 2 ⁻ derived from iron hydroxide layer and hydrated iron oxide layer was not included in following images because H 2 ⁻ was not detected in ToF-SIMS depth profile measurements. Thus, high spatial resolution images of 2 H⁻, C⁻, and CN⁻ ions from the duplex stainless steel using the burst alignment mode are shown in Figs. 6(a) and 6(b), which were charged with 2 H 2 O and subsequently annealed at 673 K, respectively. These images were obtained from depth profile analysis (approximately 20-60 nm depth region). These results show that the light elements such as deuterium, carbon and nitrogen were heterogeneously distributed in the microstructure, and the deuterium-enriched region is different from that enriched by carbon and nitrogen. In the analysis of the burst alignment mode, high spatial resolution images are able to be obtained because the beam diameter of this mode is 0.3 µm which is one-tenth or less than the high-current bunching mode. The latter region is considered to be the austenite phase, as discussed later. The characteristic distribution of deuterium is considered to result from diffusion paths in the ferrite, as the diffusivity in the ferrite is known to be much higher in the ferrite than in the austenite. 40) It is noted that deuterium seems to be enriched in the ferrite side close to the interface between the ferrite and the austenite. Since the practical morphology of the interface is complicated, deuterium may be trapped in such complicated microstructure.
In order to investigate the correlation between the distribution of different elements, line scans of H⁻, 2 H⁻, C⁻, CN⁻, CrN⁻, FeN⁻, and Ni⁻ ions obtained from the images of the duplex stainless steel charged with 2 H 2 O are shown in Fig.  7 . As the nickel-enriched region is the austenite phase, the line scan data shown in Fig. 7 indicate that the 2 H⁻ signal, arising from deuterium in the sample, is generally higher in the ferrite than in the austenite (in which the signal intensities of C⁻ and XN⁻ (X = C, Cr, Fe) are high). However, the concentration of deuterium appears to be relatively high in the fine microstructure close to the interface between the ferrite and austenite phases. Furthermore, although the line scan data of 2 H⁻ ions are not shown here, it was found that the counts of 2 H⁻ ions were very low in the duplex stainless steel annealed at 673 K. This corresponds well to the results shown in Fig. 6(b) .
In order to compare the distribution of deuterium and carbon, images of secondary ions from the duplex stainless steel charged with 2 H 2 O were normalized, as shown in Fig.  8 . The red area indicates the 2 H⁻ ion count normalized by the C⁻ ion count, whereas the green area shows the C⁻ ion count normalized by the 2 H⁻ ion count. The superimposed images of deuterium and carbon indicate that these elements were heterogeneously distributed in the microstructure. For comparison, the elemental images of nickel, chromium, and molybdenum in the same area analyzed by EPMA are shown in Figs. 9(a) , 9(b) and 9(c), respectively. These results show that the high chromium and molybdenum area corresponds to the ferrite phase, while the high nickel area is the austenite. From the comparison of the superimposed images of deuterium and carbon with the maps of these alloying elements, we can conclude that carbon is enriched in the austenite, whereas deuterium is heterogeneously enriched near the edges of the ferrite-austenite interface. Such behavior has been observed in previous studies for duplex stainless steels, although the composition and microstructure were not identical to the sample investigated here. 34, 35) A major difference between the present study and the previous work is observed in the microstructure of the samples, especially the rough morphology near the ferriteaustenite interfaces. 34, 35) The characteristic morphology of the microstructure may influence the stability and diffusivity of deuterium in the duplex stainless steel, although further studies are required to confirm this. In conclusion, the microscopic analysis of light elements using ToF-SIMS is thought to be a promising tool for analyzing the distribution of light elements. Analyzed results provide information for controlling the microstructure of duplex stainless steels, since the mechanical properties of the duplex stainless steels are known to be strongly dependent on the microstructure.
38)
Summary
ToF-SIMS was carefully used for analyzing light elements, such as hydrogen, deuterium, carbon, and nitrogen, in a ferritic Fe-10%Cr alloy and a commercial duplex stainless steel consisting of austenitic and ferritic phases. EPMA was also applied to analyze the distribution of the alloying elements. The main results of this study are as follows:
(1) The present results obtained by ToF-SIMS indicated that it is difficult to directly analyze hydrogen in the Fe-Cr based alloys. Signals from hydrogen gas remaining in the vacuum are considered to interfere with the analysis of hydrogen when using ToF-SIMS.
(2) Imaging of secondary ions by ToF-SIMS showed that a small amount of residual carbon and nitrogen were segregated at the grain boundaries in the Fe-10%Cr alloy. Although the Fe-10%Cr alloy was charged with deuterium, it was not clearly detected by the SIMS analysis. This may be due to the fast diffusion of hydrogen or deuterium in the bcc ferritic phase.
(3) In the duplex stainless steel, deuterium was detected in the matrix by ToF-SIMS analysis. Deuterium tended to be distributed in the ferritic phase rather than in the austenitic phase. This may have arisen from the higher diffusivity of deuterium in the ferrite than in the austenite.
(4) The analytical results of the duplex stainless steel by ToF-SIMS and EPMA suggested that alloying elements or crystalline defects in the ferritic phase near the interface between the ferrite and austenite seems to play an important role in the heterogeneous distribution of deuterium in the microstructure, although further systematic studies are required.
